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ABSlRACT 
Two p r o p u l s l o n  systems have been se lected f o r  t h e  space s t a t l o n :  
t h r u s t  a p p l i c a t i o n s  and t h e  m u l t l p r o p e l l a n t  r e s l s t o j e t s  f o r  l o w  t h r u s t  needs. 
systems I n t e g r a t e  ve ry  w e l l  w l t h  t h e  f l u i d  systems on t h e  s t a t l o n .  
waste f l u l d s  as t h e l r  source o f  p r o p e l l a n t .  
and t h e  r e s l s t o j e t s  w l l l  use s t o r e d  waste gases f r o m  t h e  env l ronmen ta l  c o n t r o l  system and t h e  
v a r i o u s  l a b o r a t o r i e s .  T h l s  paper p resen ts  the  r e s u l t s  o f  exper lmen ta l  e f f o r t s  w l t h  O/H and 
r e s l s t o j e t  t h r u s t e r s  t o  de te rm lne  t h e i r  performance and l i f e  c a p a b l l l t y .  
O/H r o c k e t s  f o r  h l g h  
B o t h  t h r u s t e r s  w l l l  u t l l l z e  
These t h r u s t e r  
The O/H r o c k e t  w l l l  be f u e l e d  by e l e c t r o l y z e d  wa te r  
INTROOUCT I O N  
The purpose o f  t h l s  paper I s  t o  present  t h e  r e s u l t s  t h a t  have been o b t a l n e d  w l t h  p r o p u l s l o n  
system concepts t h a t  have been s e l e c t e d  f o r  use on t h e  space s t a t l o n .  
r o c k e t s ,  u h l c h  use e l e c t r o l y z e d  wa te r ,  have been s e l e c t e d  f o r  t h e  h i g h - t h r u s t  p r o p u l s l o n  system 
and m u l t l p r o p e l l a n t  r e s l s t o j e t s  whlch use waste f l u l d s ,  f o r  t h e  l o w - t h r u s t  system. 
poses I n  c o n s l d e r a b l e  d e t a l l . l . 2  
t h r u s t  p r o p u l s l o n  system f o r  t h e  I n l t l a l  ope ra t l ng  c a p a b l l l t y  ( I O C )  space s t a t l o n .  The c h o i c e  
o f  two p r o p u l s l o n  systems w i t h  d l f f e r l n g  t h r u s t  and o p e r a t i o n a l  c a p a b l l l t l e s  p r o v l d e s  t h e  space 
s t a t i o n  w l t h  a wide v a r i e t y  o f  p r o p u l s i o n  op t i ons .  
were 25  t o  50 l b f  gaseous oxygen-hydrogen fue led  r o c k e t s  and t h e  0.1 l b f  m u l t l p r o p e l l a n t  r e s l s -  
t o j e t s .  The comb lna t lon  o f  t hese  two systems p r o v l d e s  t h e  space s t a t i o n  w l t h  more p o s s l b l e  ways 
o f  " f l y l n g "  t h a n  a r e  p o s s l b l e  w l t h  a s l n g l e  t h r u s t  l e v e l  system. 
p r o p u l s l o n  system a r e  obv lous ones. 
o f  t h e  space s t a t l o n .  l n c l u d l n g  con t lngenc les  f o r  c o l l l s l o n  avoldance,  d e l l c a t e  maneuvers a r e  
c o n t l n u o u s l y  p o s s l b l e  a t  a t h r u s t  l e v e l  that  w l l l  n o t  I n t e r f e r e  w l t h  s c l e n t l f l c  research  and 
o b s e r v a t l o n s .  
Gaseous f u e l e d  O/H 
Prev ious  papers have d l scussed  t h e  content  o f  t h e  Advanced Development Program and I t s  p u r -  
The t h r u s t e r  programs I n v e s t l g a t e d  a h l g h - t h r u s t  and a low-  
The p r o p u l s l o n  systems s e l e c t e d  f o r  s t u d y  
The advantages o f  t h e  dual-mode 
Wh l le  s u f f l c l e n t  f o r c e  I s  a v a l l a b l e  f o r  a l l  l a r g e  mo t ions  
An a d d l t l o n a l  b e n e f i t  o f  these cholces f o r  space s t a t l o n  p r o p u l s l o n  I s  t h e  synerg l sm 
o b t a l n e d  by t h e  l n t e g r a t l o n  o f  t h e  p ropu ls lon  system w i th  o t h e r  space s t a t l o n  systems. 
l a n t s  a r e  o b t a l n e d  as by -p roduc ts  f rom the  l i f e  suppor t  system and t h e  waste gases f r o m  t h e  
s c l e n t l f l c  and m a t e r l a l s  l a b o r a t o r l e s .  U t i l i z a t i o n  o f  t hese  f l u l d s  a l l e v l a t e s  two fundamenta l  
problems;  
r e t u r n e d  t o  E a r t h  I s  lessened.  The f i r s t  r e s u l t s  I n  a d i r e c t  c o s t  s a v i n g  by r e d u c l n g  t h e  mass 
t o  be c a r r l e d  I n t o  o r b i t .  The second helps t o  s o l v e  a s e r l o u s  p rob lem o f  s t o r l n g  and c a r r y l n g  
down wastes and thus  Improves t h e  s h u t t l e ' s  pay load  c a p a b l l l t y  I n  r e t u r n l n g  t o  E a r t h .  
P rope l -  
r e s u p p l y  o f  p r o p e l l a n t s  I s  mlnlmlzed and t h e  q u a n t l t y  o f  waste f l u l d s  t h a t  must  be 
T h l s  paper p r e s e n t s  I n f o r m a t l o n  o n  the p o t e n t i a l  a v a l l a b l l l t y  o f  wastes f o r  use as p r o p e l -  
l a n t s  and r e s u l t s  o b t a l n e d  f rom exper lmenta l  t e s t s  o f  O/H t h r u s t e r s  and m u l t l p r o p e l l a n t  
r e s l s t o j e t s .  
PROPULSION REQUIREMENlS 
The space s t a t l o n  p r o p u l s l o n  system must be a b l e  t o  p r o v l d e  t h r u s t  f o r  a l t l t u d e  malntenance,  
c o l l l s l o n  avoidance,  a t t l t u d e  c o n t r o l .  and momentum management. A s  s t u d l e s  have c o n t l n u e d  d u r l n g  
Phase 8,  t h e  p r o p u l s l o n  requl rements have g r a d u a l l y  I nc reased .  I n l t l a l  requ l remen ts  and c h o l c e  
o f  o p e r a t l n g  mode and a l t l t u d e  have a l l  been r e t h o u g h t  d u r i n g  t h l s  s tudy  phase. 
a l t l t u d e  o f  250 nml was assumed f o r  t h e  s t a t l o n  and a l t i t u d e  r e b o o s t  would be conducted a f t e r  
each s h u t t l e  dock ing.  P r e s e n t l y ,  t h e  opera t l ng  mode proposed f o r  t h e  s t a t l o n  I s  a t  a l ower  
a l t l t u d e  and I n  a mode co r respond lng  t o  an average a c c e l e r a t i o n  o f  0.3 m l c r o - g ' s .  
p h e r i c  d e n s l t y  v a r i e s  over  an 11-year cycle, t h e  a l t i t u d e  r e q u l r e d  w l l l  a l s o  va ry .  
I n l t l a l l y .  an 
A s  t h e  atmos- 
Tab le  1 compares t h e  t o t a l - I m p u l s e  requl rements f o r  a g row ing  and e v o l v i n g  space s t a t l o n  
over  an 11-year  c y c l e  f o r  t h e  l n l t l a l  250 nml a l t i t u d e  w l t h  t h e  p r e s e n t  l ower  o p e r a t l n g  a l t i t u d e  
and m lc ro -g  requ i remen t .  
500 000 l b  mass t h a t  grows t o  1 000 000 l b  I n  10-years.  The va lues  computed a l s o  assume a noml- 
n a l  atmosphere. 
o f  t h e  s h u t t l e  g e t t i n g  t o  t h e  s t a t i o n .  
p r o p u l s l o n  requ l remen ts .  
Impu lse  o f  t h e  p r o p u l s l o n  system was paramount. 
These va lues  have been computed by assumlng a 1995 I O C  s t a t l o n  o f  
Note t h a t  t h e  a l t l t u d e  has been lowered by up t o  70 nml whlch eases t h e  problems 
Most s l g n l f l c a n t ,  however, I s  t h e  s l x - f o l d  I n c r e a s e  I n  
The space s t a t l o n  has never  been cons lde red  a m l s s l o n  where s p e c l f l c  
However, as can be seen by t h e  Inc reased  l e v e l s  
1 
o f  t o t a l - i m p u l s e ,  p r o p u l s l o n  system s p e c l f l c  lmpulse I s  becomlng more I m p o r t a n t  and Improved 
l e v e l s  o f  s p e c i f i c  impulse w t l l  be sought. 
PROPELLANT SOURCE 
To augment the t h r u s t e r  research  e f f o r t s ,  s e v e r a l  s t u d i e s  were conducted t h a t  l n v e s t l g a t e d  
t h e  p r o p e l l a n t  source and r e s u p p l y  and t h e l r  Impact  on t h r u s t e r  system deslgn.3-5 
those  s t u d l e s  assumed t h a t  t h e  hydrogen and oxygen would be s u p p l l e d  f r o m  s u p e r c r l t l c a l  s t o r a g e  
tanks  s l m l l a r  t o  the p r o p e l l a n t  r e a c t a n t  and supp ly  assembly (PRSA) tanks  u t l l l z e d  on t h e  
s h u t t l e .  As the  s t u d l e s  progressed,  a l t e r n a t l v e  sources of p r o p e l l a n t  appeared more a t t r a c t l v e .  
It became apparent f r o m  s t u d l e s  o f  t h e  env l ronmen ta l  c o n t r o l  and l l f e  suppor t  systems (ECLSS) 
t h a t  t h e  s t a t l o n  cou ld  have a s l g n l f l c a n t  wa te r  d l s p o s a l  problem. These s t u d l e s  c l e a r l y  l d e n t l -  
f l e d  t h e  p o t e n t l a l  o f  e l e c t r o l y z i n g  t h l s  wa te r  t o  p r o v i d e  t h e  r e q u l r e d  oxygen and hydrogen and 
t h e  concoml tan t  savlngs p o s s l b l e  by m l n l m l z l n g  r e s u p p l y .  
found.  S l g n l f l c a n t  q u a n t l t l e s  o f  waste and f u e l  c e l l  wa te r  a r e  t o  be found on board t h e  s h u t t l e  
and m l g h t  be t r a n s f e r r e d  t o  t h e  s t a t l o n .  The a c t u a l  a v a i l a b i l i t y  o f  wa te r  depends on whether  
t h e  Bosch o r  Sabat ler  concept  I s  s e l e c t e d  f o r  t h e  env i ronment  c o n t r o l  system and t h e  e x t e n t  o f  
wa te r  s t o r e d  and wi thdrawn f rom t h e  s h u t t l e .  Table 2 shows t h e  y e a r l y  l e v e l s  o f  wa te r  a v a i l a b l e  
f o r  each env l ronmenta l  system and assumes s h u t t l e  v l s l t s  a t  45 o r  90-day I n t e r v a l s  and t h a t  
s h u t t l e  w a t e r  i s  t r a n s f e r r e d  t o  t h e  s t a t l o n .  
I n l t l a l l y .  
A d d l t l o n a l  sources o f  wa te r  were a l s o  
Water, however, i s  n o t  t h e  o n l y  p o t e n t l a l  p r o p e l l a n t  source.  The s e l e c t l o n  o f  t h e  m u l t l -  
p r o p e l l a n t  r e s l s t o j e t  adds s l g n l f l c a n t l y  t o  t h e  o v e r a l l  p r o p u l s l o n  c a p a b i l l t y  o f  t h e  s t a t i o n .  
C o n t l n u l n g  s tud ies l n d l c a t e  t h a t  t h e r e  a r e  l a r g e  q u a n t l t l e s  o f  waste gases t h a t  c o u l d  be made 
a v a l l a b l e  f o r  p ropu ls lon .6  I f  these  gases a r e  n o t  u t l l l z e d  f o r  p r o p u l s l o n ,  t hen  t h e y  must be 
s t o r e d  and dlsposed o f  by a s u l t a b l e  means. That  means t h a t  t hese  excess o r  waste gases would 
have t o  be returned t o  E a r t h  o r  vented, n o n p r o p u l s l v e l y .  I n  a manner t h a t  would n o t  con tamlna te  
t h e  s t a t l o n  o r  i n t e r f e r e  w l t h  obse rva t i ons  o r  exper lments.  Sources o f  waste gases l d e n t l f l e d  t o  
d a t e  I n c l u d e  the  s h u t t l e  scavenglng, ECLSS, MTL, t h e  Japanese and Columbus module l a b o r a t o r i e s ,  
and a t t a c h e d  payloads. 
The M a t e r l a l s  Technology Labora to ry  (MTL). w l t h  up t o  14 exper lmen ta l  f a c l l l t l e s  o p e r a t i o n a l  
a t  t h e  I O C ,  and the l n t e r n a t l o n a l  modules w l l l  produce v a r y l n g  amounts o f  excess f l u l d s .  Amounts 
o f  waste f l u l d s  generated by these  modules a r e  dependent on t h e  complement o f  exper lments b e i n g  
per formed and on the  amount o f  space s t a t l o n  crew t l m e  spent  p e r f o r m l n g  t h e  exper lmen ts .  Con- 
tam inan ts  and assoclated c o n c e n t r a t i o n  l e v e l s  con ta lned  i n  t h e  produced f l u l d s  a r e  u n a v a l l a b l e  
a t  t h l s  t l m e .  I t  I s  assumed t h a t  t h e  waste f l u l d s  w l l l  be c leaned s u f f l c l e n t l y  t o  a l l o w  f o r  
sa fe ,  l o n g - t e r m  storage and a l s o  f o r  use I n  t h e  r e s l s t o j e t  p r o p u l s l o n  system. 
A t tached  payload waste gases r e s u l t  f r o m  b o t h  p u r g i n g  o f  t h e  exper lments and c ryogen lc  
b o l l o f f .  To avold v e n t l n g .  and I t s  assoc la ted  e x t e r n a l  c o n t a m l n a t l o n  Impacts ,  t hese  gases must 
be c o l l e c t e d  and s t o r e d .  These r e l a t l v e l y  c l e a n  gases may then  be used t o  meet o t h e r  s t a t l o n  
requ i remen ts  (e.g., MTL o r  p r o p u l s l o n )  o r  be r e c y c l e d  f o r  reuse by t h e  a t t a c h e d  pay loads where 
f e a s i b l e .  Attached pay load  waste gases va ry  g r e a t l y  as a f u n c t i o n  o f  t l m e  i n  t h e i r  t ypes  and 
amounts due t o  r e l a t i v e l y  s h o r t  r u n  t lmes  a t  t h e  s t a t l o n  ( t y p l c a l l y  1 t o  4 y e a r ) .  An a t t a c h e d  
pay load  complement scheduled f o r  o p e r a t l o n  a t  o r  near I O C  whlch r e q u i r e  and genera te  gases I s :  
t h e  Cosmlc Ray Nuclei Experlment, t h e  S o l a r  T e r r e s t r i a l  Observatory ,  t h e  Long Term Cryogenlc  
Storage,  and the A c t i v e  Op t l c  Technology. 
Tab le  3 s u m a r l z e s  t h e  o v e r a l l  space s t a t l o n  waste gas I n v e n t o r y  f o r  I O C  and g rowth .6  
The g rowth  p r e d l c t l o n s  a r e  based on t h e  s t a t l o n  growing f r o m  one-ha l f  m i l l i o n  l b  a t  I O C  t o  one 
m l l l l o n  l b  a f t e r  10 years and 2 crew members added eve ry  2 years f r o m  8 crew members a t  I O C  t o  
18 a t  I O C  t 1 0  years Japanese and Columbus Labs waste gas o u t p u t  I s  assumed c o n s t a n t  f o r  t h e  10 
year  p e r l o d .  Attached pay load g rowth  p r e d l c t l o n s  a r e  based on s t a t i o n  mass g rowth  s t a r t l n g  w l t h  
t h e  above f o u r  waste f l u l d - g e n e r a t l n g  pay loads.  The amounts o f  excess wa te r  ( I f  any) a r e  n o t  
I n c l u d e d  s l n c e  many o p t l o n s  t h a t  a f f e c t  t h e  wa te r  ba lance have n o t  been d e f i n e d ,  e.g., t h e  ECLSS 
process o r  water  a v a i l a b l e  f rom s h u t t l e  scavenglng.  
The s e l e c t l o n  o f  t h e  l ower  o p e r a t l n g  a l t i t u d e  as shown I n  Tab le  1 has r a l s e d  t h e  p r o p u l s l o n  
requ i remen ts  s l g n l f l c a n t l y  and i t  I s  n o t  c l e a r  whether  waste f l u l d s  would be a v a i l a b l e  i n  s u f f l -  
c l e n t  q u a n t l t y  t o  f u l f i l l  t h e  e n t l r e  p r o p u l s l o n  requ i remen ts .  An e s t i m a t e  o f  t h e  p r o p e l l a n t  
a v a l l a b i l l t y  I s  ob ta lned  by sumnlng t h e  amounts o f  wa te r  f r o m  Tab le  2 w l t h  waste gases f r o m  
Tab le  3 .  W l t h  a "worst -case"  scenar io .  about  one -ha l f  o f  t h e  r e q u l r e d  p r o p e l l a n t  would be 
a v a i l a b l e .  The d l f f e r e n c e ,  presumably wa te r ,  would have t o  be t r a n s p o r t e d  t o  t h e  s t a t l o n .  A 
" b e s t  case"  s i t u a t i o n  would s p e c i f y  t h e  use o f  t h e  Bosch ECLSS and s h u t t l e  v l s l t s  e v e r y  45 days. 
I n  t h l s  case, p o t e n t l a l  p r o p e l l a n t s ,  wa te r  and waste gases, a r e  a v a l l a b l e  I n  excess and t h e  p r o -  
p u l s l o n  requlrements o f  Table 1 can be met f o r  each yea r .  S t u d l e s  o f  waste wa te r  and gas u t l l l -  
z a t l o n  as p r o p e l l a n t s  w l l l  c o n t l n u e  as t h e  space s t a t l o n  e v o l v e s .  However, t h e  economles 
I n h e r e n t  by t h e  u t l l l z a t l o n  o f  wastes w l l l  n o t  be d lm in l shed ,  even I f  these  p r o p e l l a n t s  a r e  n o t  
a v a l l a b l e  i n  s u f f l c l e n t  q u a n t l t y  t o  meet a l l  t h e  p r o p u l s l o n  needs I n  a g l v e n  y e a r .  
H I G H  THRUST PROPULSION 
The h i g h  t h r u s t  p r o p u l s l o n  system was s e l e c t e d  t o  be gaseous oxygen-h drogen f u e l e d  r o c k e t s .  
The presumed t h r u s t  l e v e l  was chosen t o  l l e  w l t h l n  t h e  25 t o  50 l b f  range.{  Wh i le  no a b s o l u t e  
t h r u s t  s l z e  could be predetermlned,  t h l s  s l z e  seemed t h e  c o r r e c t  one t o  l d e n t l f y  any techno logy  
I ssues .  The program l n l t l a l l y  s p e c l f l e d  t h a t  t h e  O / F  m i x t u r e  shou ld  be 4 : l  t o  p r o v l d e  maxlmum 
2 
va lues  o f  s p e c l f l c  impulse.  L a t e r ,  t h e  p o t e n t l a l  use o f  p r o p e l l a n t s  f r o m  wa te r  r e q u i r e d  t h a t  
t e s t s  be conducted a t  a m l x t u r e  r a t l o  o f  8 : l .  The program goa l  was p r i m a r i l y  l l f e  o r i e n t e d .  
S p e c l f l c  impu lse  would be s a c r l f l c e d  t o  achleve l o n g  o p e r a t l o n a l  l l f e .  
sized a l l  l l f e  r e l a t e d  aspects  o f  t h r u s t e r  des ign.  
The t e s t  program empha- 
Three sma l l  r o c k e t s ,  p r o v i d e d  by three d i f f e r e n t  manu fac tu re rs  were i n c l u d e d  i n  t h l s  p r o -  
gram. A e r o j e t  Techsystems p r o v i d e d  a 25 - lb  t h r u s t e r  and B e l l  Aerospace p r o v l d e d  a 5 0 - l b f  
t h r u s t e r ;  b o t h  under c o n t r a c t  t o  NASA Lewls. Rocketdyne p r o v l d e d  a 2 5 - l b f  t h r u s t e r ,  c o n s t r u c t e d  
as p a r t  o f  t h e i r  IRA0 program, t o  Marsha l l  Space F l l g h t  Center  where t h e  per formance and l l f e  
t e s t s  were conducted.8 
where.8-11 Tab le  4 compares t h e  b a s i c  deslgn parameters o f  t h e  A e r o j e t ,  B e l l ,  and Rocketdyne 
t h r u s t e r s .  Note t h a t  t h e  a n t l c l p a t e d  l e v e l  o f  s p e c i f l c  Impulse was g r e a t e r  t h a n  400 sec f o r  a l l  
t h r u s t e r s .  T h l s  e s t i m a t e  was based on a n t l c l p a t e d  o p e r a t l o n  a t  a m i x t u r e  r a t l o  o f  4 : l .  The 
Rocketdyne t h r u s t e r  was r e g e n e r a t l v e l y  cooled and used o n l y  7 t o  10 p e r c e n t  o f  t h e  f u e l  f o r  f i l m  
c o o l i n g .  The A e r o j e t  t h r u s t e r  was a l s o  r e g e n e r a t l v e l y  coo led  b u t  a l s o  used e x t e n s i v e  f u e l  f l l m  
c o o l i n g  w i t h l n  t h e  chamber. The e x t e n t  o f  t h i s  c o o l l n g  was v a r l e d  f r o m  59 t o  95 p e r c e n t  o f  t h e  
f u e l  f l o w  r a t e  d u r l n g  t h e  exper lmen ta l  program. The B e l l  t h r u s t e r ,  a t  5 0 - l b f ,  was t h e  l a r g e s t  
o f  t h e  t h r e e  I n  t h e  program. T h l s  h i g h  value o f  t h r u s t  was t h e  upper l e v e l  deemed accep tab le  
f o r  t h e  d e t e r m i n a t i o n  o f  t echno logy  problems. Th ls  t h r u s t e r  I s  r e g e n e r a t l v e l y  coo led  a t  t h e  
t h r o a t  and t h e  f u e l  t hen  e n t e r s  t h e  chamber as a f l l m .  Approx lma te l y  6 p e r c e n t  o f  t h e  f u e l  i s  
used t o  f i l m - c o o l  t h e  n o z z l e  extens lon.Dur lng t h e  l n i t l a l  t h r u s t e r  check-out  t e s t s ,  o n l y  m lno r  
t h r u s t e r  hardware changes were made, and those were done t o  Improve h e a t  t r a n s f e r  and reduce 
chamber w a l l  temperatures.  
F i g u r e  1 shows t h e  A e r o j e t  t h r u s t e r  mounted on a t h r u s t  s tand .  F i g u r e s  2 and 3 a r e  photo-  
graphs t h e  B e l l  and Rocketdyne t h r u s t e r s ,  r e s p e c t i v e l y .  These t h r u s t e r s  a l l  o p e r a t e  a t  modes t l y  
l o w  chamber p ressu re  and have s l m l l a r  o v e r a l l  d lmenslons.  They do, however, d i f f e r  markedly  i n  
t h e  des lgn  approach taken,  method o f  f u e l  l n j e c t l o n ,  n o z z l e  a rea  r a t l o ,  and e x t e n t  o f  regener-  
a t i v e  c o o l l n g  employed. 
The r e s u l t s  o f  these t e s t  e f f o r t s  have been e x t e n s l v e l y  r e p o r t e d  e l s e -  
Dur ing  t h e  I n l t l a l  phases o f  t h e  l n v e s t l g a t l o n .  t h e  t h r e e  t h r u s t e r s  were opera ted  ove r  a 
range o f  m i x t u r e  r a t l o s  f r o m  3 t o  5. A t  t h l s  t l m e  some mlnor  changes were I n c o r p o r a t e d  i n  each 
des lgn .  A s e r l e s  o f  t e s t s ,  des lgn  changes, and r e t e s t s  were done on t h e  B e l l  t h r u s t e r  t o  improve 
t h e  m l x l n g  o f  f u e l  and oxygen I n  t h e  combustlon chamber. I n l t l a l  t e s t s  gave w a l l  t empera tu res  
t o o  h i g h  f o r  s t a l n l e s s  s t e e l  and a nonunl form d l s t r l b u t l o n  as w e l l .  Adjustments t o  t h e  oxygen 
i n j e c t o r  cup r e s u l t e d  I n  u n i f o r m  and lower  w a l l  temperatures.  The I n j e c t o r  d e s i g n  was changed 
on t h e  Rocketdyne t h r u s t e r  f r o m  t h e  l n i t l a l  d o u b l e t  des lgn  t o  a c o - a x i a l  i n j e c t i o n  system. I n  
a d d l t l o n ,  t h e  head p l a t e  was changed f r o m  s t a l n l e s s  s t e e l  p o r a l o y  m a t e r l a l  t o  a s o l i d  copper 
d l s k  w l t h  a few l n j e c t l o n  p o l n t s  f o r  hydrogen t o  f l l m  c o o l  t h e  w a l l s .  T h i s  change r e s u l t e d  I n  
Improved c o o l l n g  o f  t h e  headp la te  and h lgher  t h r u s t e r  per formance.  
went no hardware changes and t h e  e a r l y  t e s t s  were used t o  e s t a b l i s h  t h e  p roper  l e v e l  o f  f l l m  
c o o l i n g  t o  i n s u r e  t h r u s t e r  l i f e .  
t h a t  some f u r t h e r  t h r u s t e r  d e s l g n  m o d l f l c a t l o n s  were i n  o r d e r .  Time d i d  n o t  p e r m l t  a r e d e s l g n  
o f  each t h r u s t e r ,  so  compromlses were made. For  example, t h e  A e r o j e t  t h r u s t e r ,  w l t h  r e g e n e r a t i v e  
c o o l i n g  o f  t h e  100 t o  1 a rea  r a t i o  nozz le,  should have been redes lgned  t o  a s m a l l e r  a rea  r a t i o .  
As t h l s  was n o t  p o s s l b l e ,  t h e  e f f e c t  was s lmulated by c o o l l n g  t h e  hydrogen t o  a l e v e l  such t h a t  
t h e  chamber f u e l  l n j e c t l o n  tempera tu re  would be t h a t  v a l u e  e s t l m a t e d  f o r  l e s s  r e g e n e r a t i v e  
c o o l l n g .  
s t a l n l e s s  s t e e l  and t h e  hydrogen c o o l l n g  f l o w  was h e l d  cons tan t .  T h i s  r e s u l t e d  I n  a h l g h e r  
t h r u s t  o f  about  85 l b  and a h l g h e r  chamber p ressu re  a t  a m l x t u r e  r a t i o  o f  8 : l .  
t h r u s t e r  had t h e  r e g e n e r a t i v e  c o o l i n g  f l o w  re rou ted ,  u t l l l z l n g  p a r a l l e l - f l o w  c o o l i n g  I n s t e a d  o f  
c o u n t e r - f l o w  c o o l i n g .  A t  no t l m e  were any o p e r a t l o n a l  d l f f l c u l t l e s  encountered and t h e  t e s t  
programs proceeded as p lanned.  Table 5 l l s t s  t h e  t o t a l  number o f  seconds o f  t e s t i n g  f o r  each 
t h r u s t e r  a t  m i x t u r e  r a t l o s  f rom 2 : l  t o  8 : l .  Note t h a t  l a r g e  t lmes  were o b t a l n e d  a t  m l x t u r e  
r a t l o s  o f  7 and B t o  1 .  Tab le  5 a l s o  shows t h e  t o t a l  Impu lse  demonstrated by each t h r u s t e r  ove r  
t h e  same range o f  m i x t u r e  r a t l o s .  The l l f e  goa l  2x106 lb - fo rce -seconds  was ach leved  by t h e  
Rocketdyne t h r u s t e r .  Time and f u n d i n g  l i m i t e d  t h e  t e s t  programs w l t h  A e r o j e t  and B e l l  b u t  l a r g e  
va lues  o f  t o t a l - I m p u l s e  were ob ta lned  a t  h igh m i x t u r e  r a t l o s .  
The A e r o j e t  t h r u s t e r  under- 
When t h e  d e c l s l o n  was made t o  t e s t  these t h r u s t e r s  a t  a m i x t u r e  r a t i o  o f  B:1, l t  was c l e a r  
I n  a s l m l l a r  manner, t h e  B e l l  t h r u s t e r  m a t e r l a l  was changed t o  H a s t e l l o y  X f r o m  347 
The Rocketdyne 
These r e s u l t s  c l e a r l y  i l l u s t r a t e  t h a t  t h e  program goa l  f o r  l l f e  was o b t a l n a b l e .  Indeed, an 
examlna t lon  o f  t h e  p h y s l c a l  s t a t e  o f  t h e  t h r u s t e r s  l eads  one t o  conc lude  t h a t  t h e  a c t u a l  o b t a l n -  
a b l e  l l f e  i s  s u b s t a n t i a l l y  g r e a t e r .  The l l f e  o f  such t h r u s t e r s  shou ld  be de te rm ined  t o  e s t a b l i s h  
a l l f e  and r e l l a b l l l t y  d a t a  base and t o  determlne t h e  f a l l u r e  modes t h a t  l e a d  t o  l l f e  l l m l t a t l o n .  
F u t u r e  t e s t s  a r e  p lanned t o  address these Issues. as w e l l  as t o  s t r i v e  f o r  I nc reased  l e v e l s  o f  
s p e c l f l c  impulse.  I t  I s  a l s o  i m p o r t a n t  t o  recogn lze  t h a t  t hese  l l f e  r e s u l t s  were o b t a i n e d  w i t h  
t h r e e  d i f f e r e n t  des lgn  concepts. p r o v l d e d  by t h r e e  separa te  c o n t r a c t o r s ,  and I n  no case was any 
l l f e - l l m l t l n g  problem uncovered. 
t h r u s t e r s  ove r  t h e  m l x t u r e  r a t i o  range from 2: l  t o  8 : l .  Both t h r u s t e r s  s u f f e r e d  s i g n i f i c a n t  
decreases i n  s p e c l f l c  lmpu lse  as m l x t u r e  r a t l o  l nc reased .  
t h r u s t e r  were taken  w l t h  a f l x e d  c o n f l g u r a t l o n  and a f l x e d  hydrogen f l o w  r a t e  i n  o r d e r  t o  assu re  
adequate c o o l l n g  of t h e  t h r o a t .  Thus, chamber p ressu re  and t h r u s t  l e v e l  were i n c r e a s l n g  as m lx -  
t u r e  r a t i o  l nc reased  f rom 4 : l .  The A e r o j e t  d a t a  were o b t a l n e d  w l t h  v a r y l n g  s p l l t s  o f  hydrogen 
used f o r  f l l m  c o o l l n g ;  up t o  92 p e r c e n t  being used f o r  f l l m  c o o l l n g  a t  a m l x t u r e  r a t l o  o f  8 : l .  
F l g u r e  4 compares t h e  s p e c l f l c  impulse per formance o b t a l n e d  w l t h  t h e  A e r o j e t  and B e l l  
The d a t a  o b t a i n e d  w l t h  t h e  B e l l  
3 
These losses  i n  performance f o r  b o t h  des igns  were g r e a t e r  t h a n  a n t i c i p a t e d  and r e f l e c t  n o n o p t i -  
mized des igns.  Performance Improvements can be o b t a i n e d  by r e d e s i g n i n g  these  t h r u s t e r s  and 
r e c o g n i z i n g  t h a t  ope ra t i on  w l l l  be r e q u i r e d  over  a w ide  range o f  m i x t u r e  r a t i o s ,  b u t  w i t h  p r i m a r y  
o p e r a t i o n  near  a m lx tu re  r a t i o  o f  8 : l .  
t h r u s t e r s  w l l l  have t o  be determined.  
The Impact  o f  such des ign  changes on t o t a l  l i f e  o f  t h e  
LOW THRUST PROPULSION SYSTEM 
The a p p l i c a t i o n  o f  t h e  r e s l s t o j e t  d s  a space s t a t i o n  p r o p u l s l o n  system imposes new opera-  
R e s l s t o j e t s  f o r  t h e s e  a p p l i c a t i o n s  
t i o n a l  cons lde ra t l ons  on t h e  des lgn  o f  such t h r u s t e r s .  Use o f  r e s i s t o j e t s  I n  a wide v a r l e t y  o f  
s p a c e c r a f t  a p p l l c a t l o n s  i s  w e l l  known and documented.12~13 
a r e  c h a r a c t e r l z e d  as hav lng  a requ i remen t  f o r  maximum s p e c l f i c  Impulse,  an o p e r a t l n g  l l f e t l m e  o f  
o n l y  a few hundred hours,  and use w l t h  a s i n g l e  p r o p e l l a n t .  As l n d l c a t e d .  p r e v i o u s l y ,  t h e  p r i -  
mary c r i t e r i a  f o r  space s t a t l o n  r e s l s t o j e t s  a r e  ve ry  l o n g  l i f e  and o p e r a t i o n  w i t h  a w ide  v a r i e t y  
o f  p o t e n t i a l  p rope l l an ts .1 -3  
M a t e r i a l - p r o p e l l a n t  c o m p a t l b l l i t y  had t o  be addressed i n  o r d e r  t o  s e l e c t  a r e s l s t o j e t  mate- 
r l a l  t h a t  c o u l d  p rov ide  t h e  u s e f u l  l l f e  r e q u i r e d  w i t h  t h e  wide v a r l e t y  o f  p o s s i b l e  p r o p e l l a n t s  
f r o m  ECLSS, MTL, a t tached pay loads o r  o t h e r  sources.  
s t a b l l l z e d  p l a t l n u m  were used. 
cons lde red  i n  t h e  1970's  because o f  I t ' s  e x c e l l e n t  r e s l s t a n c e  t o  c o r r o s i o n  and o x i d a t i o n .  
Res is tance  t o  g r a l n  growth,  a t i m e  a t  h l g h  tempera tu re  phenomenon, was r e q u i r e d  t o  m l n l m l z e  t h e  
l i k e l l h o o d  o f  s t r e s s - r u p t u r e .  The program s t u d i e d  b o t h  y t t r i a  and z l r c o n l a  g r a i n - s t a b i l i z e d  
p l a t i n u m  m a t e r i a l s .  
p o t e n t i a l  p r o p e l l a n t s .  These t e s t s  were conducted w l t h  H2, CH4, CO2. "3, Np and steam 
i n  a f l o w i n g  gas environment a t  a p ressu re  o f  about  1 .4 atmospheres. 
c o n t a i n i n g  CH4. e l t h e r  a lone  o r  i n  m i x t u r e s .  were conducted a t  a h e a t e r  t empera tu re  o f  1300 t o  
1400 O C .  Gases c o n t a i n i n g  CH4 were t e s t e d  a t  a temperature o f  500 O C  t o  a v o i d  the rma l  decom- 
position o f  CH4. These t e s t s  were conducted f o r  as l o n g  as 2000 h r  and have been r e p o r t e d  i n  
deta11.14.15 Test r e s u l t s  a r e  sumnarlzed i n  Tab le  6 and i n d i c a t e  t h a t  f r o m  a m a t e r i a l ,  or 
mass l o s s ,  s tandpo in t ,  a 10 000 h r  o p e r a t i o n a l  l l f e  shou ld  be e a s i l y  o b t a i n e d  w l t h  a l l  
p r o p e l l a n t - m a t e r i a l  combinat ions s t u d i e d .  F i g u r e  6 shows a pho to  m ic rog raph  c ross  s e c t l o n  o f  
t h e  h e a t e r  t ube  both b e f o r e ,  and a f t e r  a 2000-hr t e s t  a t  1300 "C w i t h  CO2. 
g r a l n  g rowth  has occurred and s u r f a c e  a t t a c k  by COP has been m in lma l .  
n i f l c a n t  w l t h  amnonla a t  1400 'C, and though no mass l o s s  was observed, a l l f e  o f  10  000 h r  would 
p r o b a b l y  n o t  be obtained. 
a t t a c k  by amnonla v i r t u a l l y  d lsappeared.  
I n  these  s t u d i e s  two  forms o f  g r a l n -  
P l a t i n u m  had been a p r e v l o u s  c h o l c e  f o r  a b lowas te  r e s l s t o j e t  
F i g u r e  5 shows t h e  t e s t  chamber used t o  e v a l u a t e  t h e  p l a t i n u m  a l l o y  h e a t e r s  I n  c o n t a c t  w l t h  
A l l  t e s t s  excep t  those  
No s l g n l f l c a n t  
Su r face  a t t a c k  was s l g -  
When t h e  h e a t e r  t empera tu re  was reduced t o  be low 1000 O C  su r face  
These t e s t s  have r e c e n t l y  been expanded t o  I n c l u d e  hyd raz lne  as a p o t e n t l a l  r e s l s t o j e t  p r o -  
Tests  of up t o  1000 h r  have been conducted w l t h  y t t r i a - s t a b i l i z e d  p l a t i n u m  a t  tempera- p e l l a n t .  
t u r e  o f  1000 and 1400 'C. R e s u l t s  s i m i l a r  t o  those  o b t a l n e d  w i t h  amnonla have been ob ta ined  i n  
t h a t  s u r f a c e  a t t a c k  o c c u r r e d  a t  1400 'C, b u t  none was e v i d e n t  a t  t empera tu res  of. 1000 " C  o r  
less.16 
These t e s t s  served s e v e r a l  v a l u a b l e  purposes. The c o m p a t l b l l i t y  o f  t h e  p l a t i n u m  m a t e r i a l  
was con f i rmed  w l t h  many p o t e n t l a l  p r o p e l l a n t s ,  u s e f u l  l l f e t l m e  d a t a  were o b t a i n e d  and where mat- 
e r i a l - p r o p e l l a n t  a t t a c k  occurred,  a u s e f u l  o p e r a t i o n a l  t empera tu re  range has been determined.  A 
f u r t h e r  e v a l u a t i o n  o f  t h e  r e s l s t o j e t  as a s t r u c t u r e  was o b t a i n e d  by  c o n d u c t i n g  a 2000-hr l i f e  
t e s t  u s i n g  C o p  as t h e  p r o p e l l a n t .  
c y c l l c  t he rma l  and mechanica l  s t r e s s e s  on t h e  p l a t i n u m  m a t e r i a l  as w e l l  as t h e  welded j o i n t s .  
A t  t h e  conc lus ion  o f  t h e  t e s t s  t h e  t h r u s t e r  shown i n  F i g .  7 was s e c t i o n e d  t o  examine t h e  l n t e r l o r  
su r faces  f o r  a t t a c k .  A s  expected,  t h e r e  was no i n d l c a t l o n  o f  chernlcal a t t a c k  on t h e  s t r u c t u r e  
t h a t  cou ld  l e a d  t o  l l f e  l i m i t l n g  problem. G r a l n  g rowth  o f  t h e  p l a t l n u m  was observed.  Areas o f  
concern were j o i n t s ;  where e lect ron-beam w e l d i n g  l o c a l l y  d e s t r o y s  t h e  g r a i n  s t a b i l i z a t i o n .  t h e  
h e a t e r ,  and t h e  heat exchanger. The h e a t e r  was expected t o  show t h e  g r e a t e s t  g r a l n  g rowth  due 
t o  t h e  h l g h  temperature a t  whlch I t  was operated.  Gra ins  were observed t h a t  were as l a r g e  as 
t h e  h e a t e r  t ube  wa l l  t h i ckness ,  whlch,  I n  t ime .  c o u l d  l e a d  t o  b r e a k i n g  o f  t h e  h e a t e r .  The h e a t  
exchanger body a l so  showed ev idence o f  g r a i n  growth,  though t o  a much l e s s e r  degree, because t h e  
l o c a l  temperatures were l ower .  These g r a i n s  had grown t o  o n l y  abou t  10 p e r c e n t  o f  t h e  w a l l  
t h i c k n e s s  and would p r o b a b l y  n o t  r u p t u r e  w i t h i n  t h e  n o r m a l l y  expected l i f e  o f  t h e  r e s l s t o j e t .  
p e l l a n t s  and t h e  performance va lues  o b t a i n e d  a r e  shown I n  F i g .  8 .  Th is  f i g u r e  shows a n e a r l y  
c o n s t a n t  range of t h r u s t  f o r  a l l  t h e  p r o p e l l a n t s  t e s t e d ,  r e f l e c t i n g  t h e  v a r i a t i o n  i n  p r o p e l l a n t  
f l o w  r a t e  and power l e v e l .  The I n d i c a t e d  va lues o f  s p e c l f i c  impu lse  v a r y  I n v e r s e l y  as t h e  
square - roo t  of the P r o p e l l a n t  m o l e c u l a r  we igh t .  A l though  t h e s e  d a t a  were o b t a i n e d  a t  1400 "C 
hea te r  temperature, o p e r a t i o n  w i t h  methane would n o t  be conducted a t  such an e l e v a t e d  tempera tu re  
i n  o r d e r  t o  avo ld  d l s s o c l a t i o n .  A l ower  h e a t e r  t empera tu re  would be used w i t h  p r o p e l l a n t s  t h a t  
decompose t h e r m a l l y  o r  a t t a c k  t h e  p l a t i n u m ,  \ .e .  CH4, NH3. and N2H4. 
The purpose o f  t h l s  t e s t  was t o  de te rm ine  t h e  impac t  o f  
The l a b o r a t o r y  model r e s l s t o j e t  shown I n  F l g .  7 was opera ted  w i t h  a v a r i e t y  o f  gaseous p r o -  
Eng ineer ing  Model R e s l s t o j e t  Design 
The purpose o f  t h e  endurance t e s t  was t o  se rve  as a t e s t  bed f o r  m a t e r i a l  c o m p a t i b l l l t y ,  
The i n f o r m a t i o n  ga ined  f r o m  t h i s  t e s t  
hardware f a b r i c a t i o n  processes,  o p e r a t i n g  c o n d i t l o n s ,  and s t r a t e g l e s  f o r  ground t e s t i n g  m u l t i -  
p r o p e l l a n t  r e s i s t o j e t s  w i t h  l o n g  l i f e  c h a r a c t e r i s t i c s .  
i 
4 
has y l e l d e d  v a l u a b l e  I n s l g h t  I n t o  t h e  des lgn  o f  t h e  e n g i n e e r l n g  model r e s l s t o j e t ,  wh ich  w l l l  
s e r v e  as a p r e - p r o t o t y p e  space s t a t l o n  t h r u s t e r .  The e n g l n e e r l n g  model r e s i s t o j e t  I n c o r p o r a t e s  
s i g n i f i c a n t  d e s l g n  Improvements over  t h e  l a b o r a t o r y  model t h r u s t e r ,  wh lch  w l l l  g l v e  i t  r e l l a b l e  
l o n g - l i f e  c h a r a c t e r l s t l c s .  F i g u r e  9 i s  a photograph o f  t h e  space s t a t l o n  r e s l s t o j e t  and f i g u r e  
1 0  I s  a c r o s s - s e c t l o n a l  ske tch  w l t h  t h e  major f e a t u r e s  I d e n t i f i e d .  The r e s l s t o j e t  d e s l g n  I s  t h e  
r e s u l t  o f  a Rocketdyne/ lechnlon e f f o r t ,  on c o n t r a c t  t o  NASA Lew ls .  The d e t a l l e d  d l s c u s s l o n  o f  
t h e  d e s l g n  cho ices ,  f e a t u r e s  and c o n s t r u c t l o n  d e t a i l s  can be found I n  Ref .  17. 
Among t h e  most s i g n i f i c a n t  d l f f e r e n c e s  between t h e  l a b o r a t o r y  model and e n g l n e e r l n g  model 
r e s i s t o j e t s  a re :  
( 1 )  The c o i l e d  tube  h e a t e r  i s  rep laced  by a c o i l e d  sheathed h e a t e r .  T h l s  e l l m l n a t e s  t h e  
p o t e n t l a l  f o r  s h o r t l n g  o f  t h e  hea te r  by surrounding t h e  c u r r e n t - c a r r y i n g  r e s i s t a n c e  element w i t h  
a l a y e r  o f  compressed magnesia i n s u l a t i o n .  which I s  covered w l t h  a me ta l  sheath.  The sheathed 
h e a t e r  i s  wound around a rugged c e n t r a l  heat exchanger and i s  secured i n  p o s l t i o n  by a s e r i e s  o f  
s e m i - c i r c u l a r  grooves machlned i n t o  t h e  outer  s u r f a c e  o f  t h e  fo rward  h a l f  o f  t h e  h e a t  exchanger. 
T h l s  f e a t u r e  e l l m l n a t e s  t h e  p o s s i b i l i t y  of movement o f  t h e  h e a t e r ,  wh lch  would r e s u l t  I n  changes 
I n  t h e  the rma l  c h a r a c t e r l s t l c s  of t h e  t h r u s t e r ,  and p r o v l d e s  a l a r g e  c o n t a c t  a rea  between t h e  
h e a t e r  and h e a t  exchanger. The temperature d l f f e r e n c e  between t h e  h e a t e r  and h e a t  exchanger I n  
t h l s  d e s i g n  I s  I n h e r e n t l y  low, and p r e l l m i n a r y  the rma l  t e s t s  on t h e  f i r s t  e n g i n e e r l n g  model 
i n d l c a t e  t h a t  I t s  t empera tu re  d rop  i s  l e s s  than 200 O C  f o r  a nomlnal  h e a t e r  t empera tu re  o f  
1200 "C.  
( 2 )  Large-sur face-area d l f f u s l o n  bonds r e p l a c e  t h e  s t r e s s - b e a r i n g  E8 welds used I n  t h e  l a b -  
o r a t o r y  model t h r u s t e r .  The d l f f u s l o n  bonds a r e  backed by EB welds l o c a t e d  i n  r e l a t l v e l y  c o o l  
r e g l o n s  o f  t h e  e n g l n e e r l n g  model t h r u s t e r  t o  ensure g a s - t l g h t  I n t e g r i t y .  T h l s  j o l n l n g  techn ique  
e l i m i n a t e s  p o t e n t l a l  f a i l u r e s  due t o  adverse e f f e c t s  on t h e  g r a l n  s t a b l l i z a t l o n  o f  t h e  p l a t i n u m  
by t h e  E8 w e l d l n g  process.  
( 3 )  A t h i c k - w a l l e d  p ressu re  vessel /heat  exchanger r e p l a c e s  t h e  t h i n - w a l l e d  p r e s s u r e  vesse l  
employed by t h e  l a b o r a t o r y  model t h r u s t e r .  Th l s  change improves t h e  s t r e s s - r u p t u r e  c h a r a c t e r -  
I s t i c s  o f  t h e  e n g l n e e r l n g  model r e s l s t o j e t .  However, t h e  q u e s t i o n  o f  g r a l n  g rowth  w l t h i n  t h e  
w a l l s  o f  t h e  e n g l n e e r l n g  model heat  exchanger p e r s l s t s ,  s l n c e  t h e  t h r u s t e r  h e a t  exchanger i s  
p lanned  t o  ope ra te  a t  a maximum temperature of  1200 t o  1400 O C .  
Table 7 p resen ts  some p r e l i m i n a r y  performance da ta  f o r  t h e  e n g l n e e r l n g  model r e s l s t o j e t .  
These d a t a  were o b t a l n e d  f o r  a wlde v a r i e t y  o f  p o t e n t l a l  p r o p e l l a n t s .  These p r e l l m l n a r y  t e s t s  
were conducted w l t h  t h e  p r o p e l l a n t  chamber pressure h e l d  c o n s t a n t  a t  40 p s i a  and t h e  h e a t e r  c u r -  
r e n t  l i m i t e d  t o  23 A. S lnce t h i s  was t h e  f i r s t  r e s l s t o j e t  t o  be t e s t e d ,  t h e  c u r r e n t  was k e p t  
l o w  so as n o t  t o  ove r tempera tu re  t h e  h e a t e r  w h l l e  o b t a l n i n g  some b a s i c  unders tand lng  o f  how t h l s  
r e s i s t o j e t  ope ra tes .  Fo r  t h e  h l g h e r  h e a t  capac i t y  gases t h e  power l e v e l  c o u l d  have been 
Inc reased  t o  and w e l l  beyond t h e  500 W l e v e l .  However, t h e r e  were no thermocouples I n s t a l l e d  on 
t h e  h e a t e r  and we d l d  n o t  w ish  t o  r i s k  damage on t h e  f i r s t  model. Subsequent ly ,  thermocouples 
have been added a l o n g  t h e  h e a t e r  and a b e t t e r  unders tand lng  o f  t h e  h e a t e r  temperature,  p r o p e l l a n t  
f l o w  r a t e ,  and t y p e  has been ob ta lned .  
As shown I n  Tab le  7, t h e  t h r u s t  l e v e l s  were v i r t u a l l y  cons tan t ,  v a r y i n g  between 64 and 
80 m l b .  b u t  t h e  power and s p e c l f l c  Impulse v a r i e d  I n  r e l a t i o n  t o  t h e  p r o p e l l a n t  m o l e c u l a r  w e i g h t  
and h e a t  c a p a c l t y .  S ince  these  d a t a  were obtalned, more e x t e n s i v e  t e s t i n g  has occu r red  and a 
l l f e  t e s t  w t t h  carbon d l o x l d e  p r o p e l l a n t  has begun.18 
CONCLUDING REMARKS 
The exper imen ta l  e f f o r t s  d lscussed I n  t h l s  paper have produced r e s u l t s  t h a t  c l e a r l y  I n d i c a t e  
t h a t  O/H r o c k e t s  and t h e  m u l t l p r o p e l l a n t  r e s l s t o j e t s  can meet t h e  p r o p u l s i o n  requ i remen ts  o f  t h e  
space s t a t i o n .  These p r o p u l s i o n  systems w l l l  u t l l l z e  waste wa te r  and gases as p r o p e l l a n t s .  The 
s t u d l e s  have I n d i c a t e d  t h a t  t h e  use o f  wastes as p r o p e l l a n t s  can meet p a r t ,  I f  n o t  a l l ,  o f  t h e  
space s t a t i o n ' s  p r o p u l s l o n  requl rements.  Fur ther ,  t h e  use o f  wastes as p r o p e l l a n t s  r e s o l v e s  t h e  
I s s u e  o f  t h e i r  o n - o r b i t  d i s p o s a l  and g r e a t l y  m in im izes  t h e  amount o f  waste m a t e r l a l  t h a t  must be 
r e t u r n e d  t o  E a r t h .  The exper imen ta l  e f f o r t s  have a l s o  shown t h a t  b o t h  t h r u s t e r  t ypes  have t h e  
l l f e  c a p a b l l l t y  t h a t  I s  needed f o r  use o n  the space s t a t l o n .  A c t u a l  l l f e  d e t e r m i n a t l o n  and t h e  
i d e n t l f l c a t l o n  o f  l l f e  l l m l t l n g  e f f e c t s  s t l l l  needs t o  be addressed f o r  a l l  t hose  f u t u r e  a p p l l -  
c a t l o n s  where t h r u s t e r s ,  u t i l i z i n g  any comblnat lon o f  p r o p e l l a n t s ,  w i l l  be r e f u e l e d  t o  meet t h e  
p r o p u l s l o n  demands o f  l o n g  d u r a t l o n  s p a c e f l l g h t .  
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b 
1995 189 3 840 854 
1996 184 4 500 470 
1997 180 5 054 046 
1998 180 4 855 411 
1999 180 5 356 076 
1 2000 192 4 753 118 
2001 202 5 274 946 
2002 213 5 967 411 
2 003 221 6 480 000 
2004 210 7 478 224 
2 005 205 7 621 082 
TABLE 1. - TOTAL-IMPULSE REQUIRED FOR 
REBOOST/ALTITUDE MAINTENANCE 
[ N o m i n a l  a tmosphere assumed.] 
657 840 
358 910 
313 331 
278 491 
306 930 
523 467 
1 027 970 
1 905 387 
2 646 000 
2 162 223 
1 718 600 
11 899 149 
average, 
0.3 mic ro -g  
l b f - s e c  
J 
I T o t a l  61 181 635 
TABLE 
Opt ions 1995 1996 
Bosch ECLSS 
90 Day v i s i t s  
1997 
18 480 
10 030 
15 280 
6 830 
Bosch ECLSS I 45 Day v i s i t s  I15 585 I15 425 
1998 1999 2000 2001 2002 2003 
18 970 18 815 19 305 19 155 19 645 19 490 
10 520 10 370 10 860 10 710 11 195 11 045 
15 130 14 980 14 830 14 675 14 525 14 370 
6 680 6 530 6 380 6 230 6 075 5 925 
Saba t ie r  ECLSS 
Saba t ie r  ECLSS 
90 Day v i s i t s  1 7 175 1 6 985 
a 1  t i tude 
l b f - s e c  
2. - WATER AVIALABLE FOR PROPULSION l b m l y r  
2004 I T o t a l  
7 
TABLE 3. - ANNUAL WASTE GAS PRODUCTION FROM ALL SOURCES 
[Assumed Bosch ECLSS. changes w l t h  Saba t ie r  ECLSS I n  Parenthes ls  ( l bm/y r ) . ]  
Rocketdyne A e r o j e t  
Thrust, l b f  25 25 
S p e c i f i c  impulse, sec 415 440 
Nozzle area r a t i o  30 100 
Throat d iameter ,  i n .  0.42 0.5 
E x i t  d iameter ,  i n .  2.3 5.0 
Type Regen coo led  Regen coo led  
Chamber pressure,. p s i a  100 75 
- 
1995 
Be l  1 
50 
410 
4 0  
75 
0.69 
4.39 
F i l m  c o o l e d  
Gas /year 1996 1998 2000 2001 2002 2003 2004 1999 1997 
Argon 
co2 
CO2/CH4 
Freon 
Hellurn 
Hydrogen 
N1 t r ogen  
Oxygen 
Xenon 
Krypton 
To ta l s  
Bosch 
Sabat 1 e r  
1264 
451 
0 
3740) 
6 
229 
182 
(42) 
1835 
243 
88 
80 
4378 
7978 
1264 
69 3 
0 
(3740) 
6 
808 
182 
(42)  
1989 
243 
88 
80 
5353 
8953 
1264 
451 
0 
: 3740) 
6 
896 
322 
(182) 
1835 
243 
88 
80 
51 85 
8785 
1264 
208 
0 
(3740) 
6 
896 
322 
(182) 
1680 
243 
88 
80 
4787 
8387 
1348 
260 
0 
(561 0) 
8 
81 3 
702 
(492) 
2338 
335 
110 
80 
5994 
11 394 
1348 
260 
0 
( 561 0) 
8 
81 3 
394 
(184) 
2338 
335 
110 
80 
5686 
11 086 
1348 
260 
0 
[ 561 0) 
8 
81 3 
254 
(44) 
2338 
335 
110 
80 
5546 
I0946 
1109 
260 
0 
: 7480) 
9 
45 
325 
(45) 
2765 
426 
132 
80 
5203 
I2403 - 
1026 
260 
0 
(561 0) 
8 
41 
254 
(44)  
21 08 
335 
110 
80 
4222 
9622 
1026 
260 
0 
( 561 0) 
8 
81 3 
254 
(44)  
21 08 
335 
110 
80 
4995 
10394 
TABLE 5. - Op/Hp THRUSTER TEST SUMMARY 
Mix tu re  
ra;io, 
F 
A e r o j e t  I Bel  1 Rocketdyne 
T o t a l  
du ra t i on ,  
s ec 
T o t a l  
Impulse, 
l b f - sec  
T o t a l  
du ra t i on ,  
sec 
T o t a l  
Impulse. 
l b f - s e c  
---___--- 
803 700 
317 425 
10 200 
11 950 
11 000 
1 005 925 
2 149 200 
_____ 
275 
1 619 
124 
83 
65 
3 116 
------- 
13 470 
79 637 
6 123 
4 367 
3 449 
225 607 
332 653 
~ 
------ 
32 148 
12 697 
408 
478 
440 
40 237 
85 968 
5 576 
4 728 
118 3 221 
I 
8 
TABLE 6 .  - SUMMARY OF GRAIN STABILIZED PLATINUM 
EXPERIMENTS 
co2 
H4 
HZ 
H3 
H7O 
Propel 1 ant 
1400 9.0194 0.0030 300 000 
500 12.6384 .0008 1 500 000 
1400 12.6589 .0062 200 000 
1400 12.5982 .0055 200 000 
1400 13.0695 .0116 113 000 
Coiled I Heater 1 Coiled I Extrapol ted 
heater i n i t i a l  heater l i f e .  g 
co2 1400 
CH4 500 
H2 1400 
H3 1400 
H20 1400 
h r .  
13.1955 0.0016 800 000 
11.6969 .OOOOc 1 000 000 
13.2093 .0031 400 000 
13.0632 .0066 200 000 
11.5133 .0245 45 000 
aAfter 1000 hr operation. 
bTime t o  10 percent mass loss.  
cO.OOO1 g ,  accuracy of balance. 
TABLE 7 .  - PERFORMANCE OF ENGINEERING MODEL RESISTOJET 
[Chamber pressure E 40 psla;  Current = 23 A. ]  
9 
C-8 
FIGURE 1. - AEROJET 25-Ibf ROCKET ENGINE ON THRUST STAND. 
C-86-4040 
FIGURE 2. - BELL AEROSPACE 50- Ibf THRUST HYDROGEN/OXYGEN ROCKET. 
~~ ~~~ 
FIGURE 3. -ROCKETDYNE 25- I bf THRUST HYDROGENIOXYGEN ROCKET. 
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FIGURE 4.  - PERFORMANCE OF H/O THRUSTERS OVER A 
RANGE OF MIXTURE RATIOS. 
12 
FIGURE 5. 
PATABI L 
- TEST APPARATUS USED TO EVALUATE PROPELLANT-MATERIAL COM- 
TY FOR LONG-LIFE RESISTOJETS. 
F 
J 
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GURE 6. - CROSS SECTION OF PT/Y203 TUBE BEFORE AND AFTER TEST 
2000 HR AT 1300  OC I N  c o 2 .  
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VARIOUS PROPELLANTS AT A HEATER TEMPERATURE OF 
1400 'C. 
15 
FIGURE 7. - LABORATORY MODEL OF RESISTOJET AND COILED TUBE HEATER. 
420 I- 
SPECIFIC IMPULSE. 
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H2 He CH4 N2 A I R  AR C02 
PROPELLANT 
FIGURE 8. - SPECIFIC IMPULSE AND THRUST RANGES 
FOR A MULTIPROPELLANT RESISTOJET OPERATED ON 
FIGURE 9. - ENGINEERING MODEL OF RESISTOJET 
- 
PLATINUM SHEATHED HEATER 
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FIGURE 10. - ADVANCED DEVELOPMENT ENGINEERING MODEL RESISTOJET. 
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